We suggest that the current acceleration of the universe may be explained by the vacuum energy of a hidden sector which is stuck in a state of equilibrium between phases. The phases are associated to a late-time first-order phase transition, where phase coexistence originates at a temperature T c ∼ 10 −3 eV and lasts indefinitely. During phase coexistence, the energy density has an effective cosmological constant component with the observed magnitude. This scenario does not require supercooling and arises naturally in realistic models.
Evidence for the acceleration of the expansion rate of the universe, coming from Type Ia supernovae observations [1] , together with large scale structure and CMB measurements [2] , are compatible with a flat universe which is composed of 70% dark energy and 30% dark matter, with an energy density of order (10 −3 eV ) 4 . These observations raise some naturalness problems, which could be summarized in two questions: why is there a tiny, though non-vanishing, cosmological constant? Why do we happen to live in the epoch in which such constant energy density coincides with that of nonrelativistic matter? Many approaches to solve these problems assume that the cosmological constant actually vanishes in the true vacuum due to some as yet unknown mechanism, the observed vacuum energy being caused by a field which is away from the global minimum of its potential. This is the case, e.g., of quintessence models [2] , where a field φ is slowly rolling towards its minimum. ≃ 2 × 10 −3 eV. Before the phase transition, at T > T c , the system is in the high-temperature phase and the field is stuck in the false vacuum. Immediately after the transition, the system is in the low-temperature phase. In general, the field is still away from its zerotemperature value, but it evolves quickly, relaxing the vacuum energy to zero. We can still have a vacuum energy density at T < T c if the phase transition has not occurred yet. Such supercooling happens if the nucleation rate at temperature T is so small that the number of bubbles nucleated inside a causal volume is still less than one. The temperature of relativistic particles in a hidden sector is constrained by big bang nucleosynthesis to be lower than that of photons T γ (how much lower, depends on the number of extra species). Since T γ ≃ 2 × 10 −4 eV , there seem to be only two possibilities for us to witness the false vacuum: either the hidden sector has the unnatural hierarchy T c < ρ 1/4 Λ /10, which strongly constrains the model [8] , or this system has a supercooling of at least an order of magnitude, T < T c /10, which is also difficult to account for [6, 9] .
In this letter we wish to suggest a different possibility, namely, that the phase transition has begun at T c ∼ 10 −3 eV , but it is so slow that is not complete yet and will never be. This may happen because the entropy that is released in a first-order phase transition can keep the temperature in the hidden sector close to T c , making the pressure difference between the two phases very small. In the meantime, the temperature of photons will decrease. Since at T = T c both the high-and low-temperature phases have non-vanishing potential energy, a dark energy component will remain until the transition is complete. We will thus assume that the true vacuum energy vanishes at zero temperature, and consider a first-order phase transition at the meV scale, in a hidden sector with g relativistic degrees of freedom. The general scenario depends only on thermodynamic parameters such as the energy density and the latent heat, so for the moment we will not need to specify any model. Later we will consider a couple of examples.
Notice that, even if at late times the species are not in thermal equilibrium with each other, as long as they have thermal distributions they contribute to the finite-temperature effective potential. During the phase transition, there is a back-reaction on the particle distributions. The released entropy keeps the kinetic energy of particles high and prevents their temperature from decreasing. In general, bubble nucleation begins at a temperature T N T c , i.e., when the system has reached a certain amount of supercooling. The low-temperature phase has a lower energy density than the high-temperature one. The energy difference (the latent heat L) is liberated as bubbles of the low-temperature phase expand. If L is comparable to the density ρ R of the relativistic gas, the system reheats up to a temperature very close to T c and remains so for a long time [10] . No further bubbles nucleate. The two phases coexist at a constant temperature T ≃ T c as bubbles of low-temperature phase slowly expand at the expense of the regions of high-temperature phase [11] . We will assume for simplicity that supercooling and reheating happen in a negligibly short time and consider only the subsequent phase-equilibrium stage. As we will see, the duration of phase coexistence depends essentially on the amount of latent heat that is released and on the energy density of radiation. In the early universe, there is a hot plasma with a large number of relativistic species. In general, only a few of them contribute to the effective potential of the field that undergoes the phase transition. As a consequence, the entropy that is liberated in the transition has a small effect on the plasma, due to the large heat capacity of the latter. On the contrary, at late times the number of light degrees of freedom is O(1), and it is likely that an important fraction of them contributes to the phase transition, so the released heat may be comparable to ρ R .
Before the phase transition, the energy density of the hidden sector is of the form ρ h = ρ R + ρ Λ , where ρ R = gπ 2 T 4 /30 corresponds to radiation, and ρ Λ is the constant energy density associated to the false vacuum. The pressure is thus given by p h = ρ R /3 −ρ Λ . To determine the duration of phase coexistence, we use the adiabatic expansion of the universe [10] . The entropy density of the hidden sector is given by
where a i is the scale factor at the beginning of the phase transition, and
c is the entropy density of the high-temperature phase at critical temperature. During phase coexistence, the average entropy density is given by s = s + + (s − − s + ) f , where f is the fraction of volume that has already converted to the low-temperature phase, and the entropy difference between the two phases is related to the latent heat through T c (s
The phase transition is complete when f = 1. If L ≥ 4ρ R /3, the phase transition never ends because the energy loss due to the adiabatic expansion is less than the heat injected by the transition interfaces. Requiring that the transition is not complete for, say, a/a i ∼ 10, we obtain the condition 3L/4ρ R > 1 − 10 −3 ; so, unless some mechanism forces a finely-tuned relation between L and ρ R , the requirement of a long enough coexistence of phases implies actually the condition
and we will have f < 1 for any a > a i . Let us now determine the equation of state for phase coexistence. During the phase transition, the temperature and pressure have constant values T ≃ T c , p ≃ p c ≡ p(T c ), so the energy is given by ρ h = T c s − p c , where
As far as the Friedmann equation is concerned, this system can be thought of as being composed of a pressureless fluid, whose density ρ eff
dilutes like matter, plus a constant energy density ρ eff Λ = −p c . The effective cosmological constant is given by
If
Λ , we will have ρ eff Λ > 0 provided that g is not too large. It is interesting that, although the system is composed only of vacuum energy and radiation, the density ρ h exhibits a matter component. One may wonder whether it could account for dark matter. Notice however that this effective matter density is not clustered. A homogeneous ρ eff M could provide a signature of phase coexistence. However, it is too small to be perceived in current observations. Indeed, at a = a i it was ρ eff M ∼ ρ R ∼ ρ Λ . But at that stage the total dark matter density of the universe was ρ tot
is at least ∼ 10, we have ρ eff M < 10 −3 ρ tot M . We have implicitly assumed that the latent heat is spread out quickly enough to guarantee a uniform temperature. This will be the case if the time scale for bubble growth is much longer than the time required for latent heat to travel the distance between bubbles [12] . This condition can be expressed as
where c s ≈ 1/ √ 3 is the speed of sound in the relativistic gas, and d is the average bubble separation, which is roughly determined by the bubble density
. During phase equilibrium at T ≃ T c , the number of bubbles is fixed, so d ∝ a and the rhs of Eq. (6) decreases like a −1 . On the other hand, from Eq.
3 H, so the lhs of Eq. (6) decreases more quickly than the rhs. Thus, this condition will remain valid in the range of interest if it is fulfilled at the beginning of the phase-equilibrium stage.
Notice that the number of bubbles nucleated inside a causal volume, n b H −3 , is certainly greater than 1, and is in general ≫ 1 (this is connected to the difficulty of getting a large amount of supercooling). Hence, for L ρ R the requirement is generally satisfied.
Our scenario is characterized by the coexistence of two phases with a O(1) difference in the value of the vacuum energy. Such inhomogeneous cosmological constant may result in specific signatures in large scale structure, which may allow a distinction from ΛCDM and from quintessence. The effect will depend on the (constant) amplitude of the inhomogeneities and on their size. The size scale is determined by n b , which in turn depends on the nucleation rate, and must be calculated numerically. We shall carry out such computation elsewhere.
Several models for late-time phase transitions have been proposed in the literature (see [3, 4, 5, 6, 7, 8, 9] and references therein). To keep the discussion as general as possible, let us consider first a simple model in which the order parameter is a scalar field φ. The simplest effective potential which realizes the scenario is of the form
where the constant term ρ Λ ≡ λv 4 /4 makes the energy density vanish in the vacuum. This potential can be regarded as a simplified version of the model considered in Ref. [8] , in which two scalar fields have negative squared masses in the scale of T eV 2 /M P from supersymmetry breaking. The potential (7) does not even possess a metastable vacuum, since the only minimum is φ = v. However, at finite temperature, it is well known that the effective potential receives temperature-dependent corrections from particles which have gauge or Yukawa couplings with φ. We will assume for simplicity that the particles in the hidden sector are coupled through field-dependent masses m i (φ) = hφ, all with the same coupling h. At high temperature V receives two relevant contributions. One is of the form gh 2 T 2 φ 2 , where g = g i is the total number of (light) degrees of freedom in the hidden sector. This term causes the vacuum expectation value of φ to vanish at high T . The other important contribution is of the form −g ′ h 3 T φ 3 . It is contributed only by boson degrees of freedom (so, g ′ ≤ g), and produces a first-order phase transition. Including these contributions and the φ-independent T 4 term, the complete free energy of the hidden sector takes the form V = ρ Λ − gπ 2 T 4 /90 + ∆V (φ, T ), where
and
At the critical temperature T c = T 0 / 1 − g ′2 h 4 /6π 2 gλ, the high-temperature minimum φ = 0 becomes degenerate with the lowtemperature one, located at φ = φ c ≡ (g ′ h 3 /6πλ) T c . For T c > T > T 0 the two minima are separated by a barrier, which at T = T 0 disappears, turning the minimum at φ = 0 into a maximum.
For T > T c , the hidden sector is in the phase with φ = 0. As expected, in this case V gives an energy density of the form ρ h = ρ Λ + ρ R . Notice that, for O(1) couplings, we have T c ∼ T 0 ∼ v, and ρ Λ ∼ v 4 ; so, T c ∼ ρ
Λ ∼ 10 −3 eV . If we require instead that T c < T γ as in Ref. [8] , then necessarily T 0 < ρ 1/4 Λ /10, and we obtain the condition λ/g 2 h 4 < 10 −6 , which is not achieved with natural values of the parameters.
If the model supports a large amount of supercooling, then we may have ρ h ≃ ρ Λ for T ≪ T c . At high temperature the bubble nucleation rate is given by Γ ∼ T 4 exp (−F c /T ), where F c is the free energy of the critical bubble that is nucleated. F c diverges at T = T c , and vanishes at T = T 0 . Hence, for T close to T c the rate Γ is exponentially suppressed and there is always some supercooling. On the other hand, for T ≃ T 0 the nucleation rate is extremely high, Γ ∼ T 4 , so the phase transition will certainly end before T gets close to T 0 . Indeed, we may roughly consider that bubble nucleation effectively begins when its rate becomes Γ ∼ H 4 . Using H = 8πρ/3M 2 P , with ρ ∼ 10 3 ρ Λ for T ∼ 10 −3 eV , we see that this happens as soon as F c /T becomes smaller than ≃ 267. If we require supercooling at T < T γ ∼ 10 −4 eV , then we clearly must have at least T 0 ≪ T c /10. In the simple model Eq. (8) this condition already requires some fine tuning. But even with T 0 ≪ T c it is difficult to obtain enough supercooling [6] . Indeed, demanding that Γ < H 4 for T ∼ 10 −4 eV , with ρ ∼ ρ Λ , requires F c /T 272, which is quite a large value. The free energy F c is difficult to estimate analytically. In the thin wall approximation, it is given by
where σ is the bubble wall tension. It is evident that for T ≃ T c , F c can be arbitrarily large. On the contrary, for T ≪ T c , we see that a large value of σ is needed. Furthermore, the thin wall approximation is no longer valid in this limit, and a numerical calculation is required. The actual value of F c is smaller than its thin wall approximation, and in general it turns out that such a large value can only be attained with an unnaturally large value of the surface tension.
Notice that immediately after the phase transition there is still a nonvanishing vacuum energy, since the minimum φ c is displaced from the true vacuum value v. However, this ρ vac now evolves with T and does not behave like a cosmological constant. During the phase coexistence period, instead, as one phase is converted into the other, one expects that the average vacuum energy remains larger than a certain value ρ vac = O (ρ Λ ). Indeed, since ρ Λ ∼ λv 4 and
as long as the coupling h is not too small (i.e., if h ≃ 1). The period of phase coexistence will be long enough if the condition Eq. (3) is satisfied. The latent heat L ≡ T ∂∆V /∂T | T =Tc is readily calculated for the potential (8) .
. We see that in order to accomplish L/ρ R ∼ 1, the phase transition must be strongly first-order, i.e., φ c /T c 1. Using the values of φ c and T c , we obtain
Hence, in order to fulfill Eq. (3) we find again that large couplings h ∼ 1 are needed. For instance, for g ′ ≃ 1 and λ ∼ 10 −1 , a value h ≃ 1.4 is required. Although such a large coupling invalidates the high-temperature expansion that leads to Eq. (8), the conclusion that it gives a strong phase transition remains unaltered [13] and we expect a large value of L. Of course, if we allow for a larger number of bosons, h can be smaller; e.g., for g ′ ≃ 10 we obtain the required value of L/ρ R with h < 1. We have argued that a large amount of supercooling is much more difficult to achieve than a sizeable latent heat. Nevertheless, to get a precise comparison of the supercooling and phase-coexistence scenarios, a numerical calculation of the phase transition would be suitable. We shall perform such calculation elsewhere. Here, we shall analyze a different model, for which supercooling has been calculated [6] . In this model, a hidden SU (2) YangMills theory has a chiral phase transition at a scale Λ SU (2) ∼ 10 −3 eV . There are g = 34 effective degrees of freedom, comprising the SU (2) gauge fields and 8 Weyl doublets. The effective potential is of the form
where A depends on the number of fermions; in this case, A ≃ 24 √ λ (see [6] for details). The role of T 0 in this case is similar to the one it played in the previous model: there is a barrier between the two vacua for T 0 < T < T c . In Ref. [6] it is found that an important supercooling is required in this model, since the temperature of the hidden sector is constrained to T /ρ 1/4 Λ 10 −2 . Therefore, the hierarchy T 0 ≪ T c must be imposed. Notice that in this model T 0 can be set to 0, since the symmetry is spontaneously broken in the Coleman-Weinberg manner, through the last term in Eq. (9) . Setting T 0 = 0, it is shown that the required supercooling is attained with λ ≤ 0.01.
On the other hand, the latent heat is easily obtained from Eq. (9) . It is given by L = AT c , which gives a very large ratio L/ρ R ≃ 50. This is a consequence of the strong supercooling requirement, which implies an extremely strong phase transition (as can be seen from the value of the order parameter, φ c /T c = A/λ ≃ 15). Such a large value of L suggests that supercooling is actually not needed, and the conditions T 0 ≪ T c and λ ≪ 1 can be relaxed. We can readily check this possibility without entering into the details of the model by letting T 0 = 0 in the above equations. The condition for a long enough phase-coexistence stage then becomes L/ρ R ≃ 50 (T 1, which is independent of λ and is satisfied even for T 0 very close to T c . This shows that the phase coexistence scenario arises naturally in this model.
To conclude, we have pointed out that a late-time first-order phase transition may enter a never-ending phase-equilibrium stage, thus avoiding the need of excessive supercooling to account for the durability of a false vacuum phase. Basically, this occurs if the cooling method used by the universe (namely, the adiabatic expansion of a relativistic gas) fails in taking away the latent heat associated to the transition. Thus, the main requirement for this scenario is that the latent heat must be of the order of the energy density of radiation. We have shown that if the temperature scale of the phase transition is T c ∼ 10 −3 eV , the current equation of state for phase coexistence is essentially ω = −1, and the dark energy density has the correct magnitude. We have argued that a long period of phase coexistence may arise naturally in the context of a particle physics theory, in contrast to the supercooling case, and we have checked this fact with specific examples. In general, the condition L/ρ R 1 is easily achieved in theories with strong coupling, h ≃ 1. The distinctive inhomogeneities in ρ vac during phase coexistence may leave an imprint on large scale structure.
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